Hydrogen-free amorphous carbon films were deposited at different deposition bias voltage on a single silicon wafer by a process known as Filtered Cathodic Vacuum Arc (FCVA). The influences of different deposition bias voltages on the microstructure and the properties of thin tetrahedral amorphous carbon (ta-C) films, such as surface roughness, film mass density and thickness, have been studied by means of the x-ray reflectivity technique (XRR) for the first time. The microstructure of these films deposited on silicon wafers was simulated by a four-layer model consisting of a ta-C layer, a mixed ta-C:Si layer, Si-0 layer and the silicon substrate. The mixed ta-C:Si layer consisting of the mixture of ta-C and silicon simulates the carbon ion impinging / diffusion into the surface of the silicon substrate. The mass density and the roughness of the film are found to be dependent on the impinging ion bombardment energy. The mass density increases with increase in ion bombardment energy up to 100 eV. Beyond 100 eV, the mass density decreases with further increase in ion bombardment energy. The surface roughness decreases with increasing ion bombardment energy to a minimum value at 100 eV, after which it increases with further increase in ion bombardment energy. The thickness of the films obtained by XRR technique correlates well with the thickness measurement obtained by spectral reflectometry. The existence of the Si-0 layer was verified by Auger depth profiling.
1.
Introduction Over recent years, intensive studies have been carried out on the characterization of tetrahedral amorphous carbon (ta-C) film, which is a highly sp 3 bonded form of amorphous carbon [1] [2] [3] [4] [5] [6] [7] [8] . These hydrogen-free ta-C films were deposited by the filtered cathodic vacuum arc (FCVA) technique. The films possess a number of interesting properties [9] that are of technological interest. Their extreme chemical inertness, high hardness, low friction coefficient, tunable optical constants and relative transparency make them ideal candidates for optical coatings, coatings for high speed cutting tools and protective overcoats for magnetic thin film media. Therefore, this material has great potential for both scientific and industrial applications.
X-ray reflectivity under grazing incidence conditions is a powerful technique to study the density, surface roughness and the miaostructure of thin film without destroying the samples [10] [11] [12] [13] . In this paper, we report the x-ray reflectivity (XRR) measurements on ultrathin (~ 25 nm) ta-C films and show that for film thickness of a few hundred angstroms, XRR is an effective, accurate and non-destructive technique for measuring film properties like surface roughness, film density and thickness. The study also includes the effect of carbon ion energy on the mechanical properties of the ta-C films.
2.
Experimental Details The ta-C films were deposited by a FCVA system which incorporates the off-plane doublebend (OPDB) filter [14, 15] to effectively remove all micro-particles. Hie arc is initiated by contacting the cathode with a retractable graphite rod. During deposition, the C + ions of the carbon plasma leaves the self-sustaining arc spot, and are steered by the electromagnetic field to the out-of-sight highly doped silicon substrate clamped onto a copper substrate holder. The arc current was kept constant at 60A. A toroidal magnetic field around 40mT was employed to produce the axial and curvilinear fields to steer the plasma. The films were characterized in the following manner. X-ray reflectivity was performed using the vertical Siemens D5005 x-ray diffractometer with a 401mm measurement circle which provides an accuracy of 0.007 deg in 9-28 movement. The reflectivity data were collected with CuKa radiation, which has a wavelength of 1.54 A, at 40 kV and 40 mA. A Gobel mirror was used to achieve an intensive and parallel-beam x-ray output with divergence of about 0.05 deg. A 0.1 mm thick Cu sheet was placed before the detector to reduce the intensity of the reflected x-ray. This is to avoid saturation of the x-ray detector at an incident angle smaller than 0.4 deg. The reflectivity spectra collected with and without the copper absorber were matched together to output a smooth spectrum. The film thicknesses were measured by laser spectral reflectometry to within + 50 A. Auger Electron spectroscopy (AES) experiments were performed on a VG Scientific MICROLAB 310-F spectrometer equipped with a concentric hemispherical analyzer (CHA). Auger spectra and Auger depth profiles were acquired using a 10 keV, 50nA electron beam. Sputter etch was performed with 3keV Ar ions at sample current of approximately 1.5uA measured with a Faraday cup, the raster area is about 2mm 2 . The CHA was operated at 0.5% energy resolution which was connected to a five-channeltron detector for data collection. All measurements were made at a takeoff angle of 90° with respect to the sample surface plane and the operating pressure for AES depth profile was kept at -5.0 x 10" 8 mbar in the analysis chamber.
3.
The Principle Of X-Ray Reflectivity Solid and liquid materials show the effect of total external reflection for x-rays. In other words, these materials do have an refractive index n which is smaller than one, i.e.,« =1-5-i*p. The dispersion coefficient 8 and absorption coefficient p are the functions of x-ray wavelength X:
and P = N a r e X 2 p/''/27iA, (2) Where N a is the Avogadro number, r e is the classical electron radius, p is the mass density, A is the atomic mass, Z is the atomic number,/' is the dispersion correction and /" is the absorption correction. At a given X, the /' and f" can be calculated for all kinds of atoms [16] . The reflectivity of an interface for x-rays is calculated by using the Fresnel equations. For x-rays and grazing incident angles, the Fresnel reflectivity of an interface between two media with refractive indices n/_i and ni reduces to
TI-U=(&-I-%)I<&-I+%),
where k/is the vertical component of the x-ray wavevector in the / th layer and expressed as k, = 27iV(sin 2 e-2(5 r hip / )) / X (4) From the above four equations, the density p of the surface can be obtained.
When the incident angle 8j of the incoming x-ray wave exceeds 9 C for the layer, the reflectivity will show oscillations as a function of 0i due to interferences of waves reflected from the top surface and those waves reflected from the interface layer. These phasesensitive structures are geometric resonances known in optics as Fabry-Perot interferences. The angular spacing of the intensity maxima of reflected x-rays was first measured by Kiessig [17] from which the thickness of the thin films was determined. The thickness d is related to the maxima positions 9 m by (2m + 1)1/2 = 2d *V(0 The x-ray reflectivity depends independently on the interface roughness of the different layers. Nevot and Groce [18] have shown that the roughness can be included analytically by multiplying the Fresnel reflectivities of the different layers by a factor of exp {-loiknki) where 07 is the root mean square roughness of the / th interface [11].
Experimental Results And Discussion 4.1
The film structural model The measurement of the film density and the roughness by XRR technique can be classified into three stages, i.e. the data acquisition, the structural modeling and fitting. Figure 1 shows the measured and simulated reflectivity spectra of a 100 eV ta-C sample using four different structural models. To demonstrate the quality of the fit in each case, the measured reflectivity is scaled by a fixed value. The measured reflectivity decays by more than five orders for a small increase in the incident angle from 0.0 deg to 1.2 deg. The deviation between the simulated and measured reflectivity for incident angle larger than 1.0 deg is due to a constant background (about 2 x 10' 6 of the incident x-ray intensity used in the experiment). Figure 2 shows the different sample structures being considered for the fitting models. The C-interlayer consisting of a mixture of ta-C and silicon simulates the carbon ion impingement (or bombardment) into the surface of the silicon substrate. The Si-0 interlayer simulates the presence of oxygen at silicon substrate during the initial stage of the film growth process. Based on the principle of x-ray reflectivity, simulating the observed reflectivity is realized by adjusting several parameters such as the surface/interface roughness, mass density and thickness. The fitting is done with a simulation software called REFSIM. Since the reflectivity falls over five decades of intensity, it is important to weigh each data point appropriately. This is carried out by using the following goodness-of-fit parameter [19] :
where Ro and Re are, the measured and simulated reflectivity, N is the total number of data points, and M is the number of fitting parameters. From Figure 2 , sample structure 1 which assumes a single layer did not fit well the measured values from its % 2 of 0.04430. To account for the ion impingement effect, sample structure 2 includes a low density Cinterlayer and its % 2 value was found to improve slightly to 0.04331. Next, sample structure 3 consisting of a Si-O layer was compared and its x 2 value improved further to 0.02811. Lastly, sample structure 4 consisting of all three layers is examined. The quality of the fit to the data becomes increasing better with the C-interlayer and Si-0 interlayer taken into consideration. Figure 3 shows the Auger depth profiling of a ta-C film showing the presence of a Si-0 layer between the thin film and silicon substrate. The interfacial structure is similar to that reported by Davis et al [20] using the spatially resolved cross sectional electron energy loss spectroscopy (EELS) technique. Because of the smallest % 2 value of 0.02190, sample structure 4 is good enough to simulate the microstructure of the ta-C film. It can be seen that using a single layer on the silicon substrate is not sufficient to match the interference fringes and to reproduce the oscillation beat, demonstrating the necessity of the interlayers which are about 2 ~ 5 nm thick. The formation of the Cinterlayer can be explained by the subplantation mechanism where ions with sufficient energy are capable of penetrating the surface layer of (100) oriented silicon and subsequently the carbon atoms can diffuse into the deeper region. The cause of the Cinterlayer is not clear, although it may be related to the presence of the oxygen from the substrate in this layer. 
4.2
Sensitivity Analysis The sensitivity of the fitting parameters was studied using a ta-C film of 27.5 nm thickness deposited by 100 eV carbon ions. To assess the sensitivity of the fitting parameters on the fitting results, the values for the three parameters (roughness, density and thickness of the film) are varied individually (by ±10%) while keeping all other parameters constant. The density of the C-interlayer and Si-0 layer were kept consistently at 2.7 g/cm 3 and 2.60 g/cm 3 . The fitting % 2 results are shown in Table 1 . The results show that when the parameters change by ±10% the % 2 value changes significantly. This means that the optimised parameters can be obtained accurately by the fitting process. Figure 4 illustrates the influence of surface roughness on the decay rate of the reflectivity with respect to the incident angle. At higher incident angle, an increase in the surface roughness causes a faster decay in the reflectivity. Figure 5 shows that the mass density of the top layer affects the amplitude of the oscillations of the simulated reflectivity. The mass density also influences the critical angle, (the incident angle at which the reflectivity starts to decay), in such a way that an increase in mass density causes an increase in the critical angle. The effect of the thickness on the simulated reflectivity is presented in Figure 6 . It is found that the thickness parameter affects the positions and the magnitudes of the interference fringes, the oscillation beat and the frequency of the oscillations of the reflectivity spectrum. For example, at incident angle of 1.0 deg, the peak of simulated reflectivity is shifted to 1.1 deg with 10% reduction in thickness while the peak is shifted to 0.9 deg with 10% increase in thickness.
• 
The Mechanical Properties as a Junction of Carbon Ion Energy
The measured and simulated reflectivity for all the samples deposited at different ion energy are shown in Figure 7 . The dotted curve is the measured reflectivity and the solid curve is the simulated reflectivity. The simulated reflectivity fits the measured reflectivity reasonably over five orders of magnitude. The fitting procedure is as follows: the thickness and roughness parameters are first kept constant while the densities are allowed to vary in order to fit the simulated reflectivity to the measured data at around the critical angle. Next, the thickness parameters are changed to enable the peaks of the simulated and measured reflectivity to coincide. Finally, the roughness parameters are altered to match the decay rate. All the parameters are allowed to change iteratively until a best fit is reached. Although this fitting procedure does not provide a unique set of best-fit parameters, knowledge of the dispersion coefficient 8 and absorption coefficient p of the components stored in the element database are consistently used to assess the reasonableness of fit. The values of the fitting parameters for all the samples are listed in Table 2 . It can be seen from Table 2 , the r.m.s. surface roughness of the film decreases with increase in ion energy until 100 eV. Beyond 100 eV, the surface roughness increases to 0.78 nm at 300 eV. The mass density of the top carbon layer rises from 3.0 g/cm 3 at 30 eV to a maximal value of 3.4 g/cm 3 at 100 eV, and decreases to a value of 3.1 g/cm 3 at 300 eV. The film formation process from our results strongly supports the subplantation model proposed by Lifshitz {2]. It is interesting to note that density and roughness of the C-and Si-O interlayers remain relatively constant at different ion energy. The thickness results correlate well (to within ± 5%) with the measurement from the spectral reflectometery, as shown in Table 3 . This compares favorably with the profilometry technique and is similar to that obtained with optical methods such as spectroscopic ellipsometry. 
5.
Conclusions In summary, X-ray reflectivity measurement has shown to be an effective, accurate and non-destructive method for evaluating the thickness, density and roughness of ultrathin amorphous carbon film. These are important properties since they can influence the functional performance of these films but are difficult to be measured by other methods.
